ABSTRACT
INTRODUCTION
is especially important for small populations, since they have to be competitive in the international 68 market to justify the national breeding program. While short-term success depends on the genetic 69 gain in the next few generations, long-term success depends also on maintenance of sufficient 70 genetic variation to ensure a stable rate of genetic gain (Woolliams et al., 2015) . Studies on the 71 effect of genomic selection on genetic variation have had contradictory results. For example, 72 Lillehammer et al. (2011) and Pryce et al. (2010) reported a decreased rate of coancestry per year, 73 while de Roos et al. (2011) reported that it depends on the proportion of genetic variation captured 74 with markers and a breeding program design. Genomic selection has a potential to decrease the rate 75 of coancestry due to a more accurate estimation of Mendelian sampling terms for young animals, 76 which enables differentiation of sibs and avoidance of their co-selection (Daetwyler et al., 2007) . 77
Balancing short-and long-term success can be further enhanced with the optimum contribution 78 selection (Woolliams et al., 2015) . 79
Although genomic selection is a well-established method, small populations still struggle with 80 choosing a sustainable strategy. The right strategy should ensure short-and long-term success as 81 well as being economically and logistically viable. To address some of these issues this study 82 evaluates different genomic breeding program designs for a small dairy population with a focus on 83 selection and usage of sires and how this affects changes in genetic gain and genetic variation.
genome sequence for ten cattle-like chromosomes with 10 8 base pairs per chromosome, mutation 109 rate of 2.5 x 10 -8 , recombination rate of 1.0 x 10 -8 and historical effective population size in line 110 with the estimates for dairy cattle (Villa-Angulo et al., 2009; Hickey and Gorjanc, 2012) . We 111 randomly sampled segregating sequence variants to construct a set of 10,0000 causal variants 112
(1,000 per chromosome) and two distinct sets of 20,000 marker variants (2,000 per chromosome). 113
We used the two sets of marker variants to create two SNP arrays, one was used for genomic 114 selection and the other for monitoring "neutral" diversity. We sampled the effects of causal variants 115 from a normal distribution with a variance that gave a trait with the heritability of 0.25 in the base 116 population. Subsequently we initiated a base population by randomly allocating simulated genomes 117 to animals, which were further allocated to different categories (male and female calves, cows, bull-118 dams, young bulls, AI bulls and natural service bulls) to initiate a dairy breeding program. We have 119 then run a conventional breeding program with selection on phenotype based estimated breeding 120 values for 20 years, followed by a further 20 years of different scenarios described below. We 121 repeated simulation of the base population and each scenario 20 times. 122
We generated 4,320 female calves every year of which we removed a random 3.7% due to stillbirths 123 and early deaths, and a further 7.5% due to other losses, for example, reproductive issues ( Figure  124 S1). The remaining heifers were inseminated in the second year and became cows in the third year. 125
With the PT scenario, 8 out of 27 calves were chosen for progeny test based on pedigree prediction 135 in their second year, while the remaining 19 calves were used in natural service ( Figure S2 ). With 136 the GT-PT scenario 8 out of 45 calves were chosen for progeny test based on genomic test. With the 137 PT and GT-PT scenario 5 out of 8 progeny tested bulls were selected as sires based on estimated 138 breeding value in their sixth year ( Figure S2 ). With the GT scenario 5 out of 45 genomically tested 139 calves were directly selected as sires and were used for insemination from their second year 140 onwards. Unselected genomically tested calves in all genomic scenarios were used as natural 141 service sires ( Figure S3 ). 142
Bull dams were inseminated with selected AI bulls only. For the insemination of cows, AI sires 143 contributed 400 doses of semen per year when 5 sires where used for 5 years and 2,000 doses per 144 year when 5 sires where used for 1 year or 1 sire was used for 5 years; natural service sires 145 contributed 27 doses; and young bulls (where applicable) contributed 250 doses. The expected 146 proportion of offspring of natural service sires therefore ranged between 7 and 17%. 147
Breeding value estimation 148
We estimated breeding values with the pedigree model (Henderson, 1984) or the single-step 149 genomic model (Legarra et al., 2009 ) using the blupf90 program with default options (Misztal et al., 150 2002) . In genomic breeding scenarios we assumed an initial reference population of about 11,000 151 cows and 100 progeny tested sires. This mimicked the availability of international genomic 152 evaluation in Brown Swiss (Jorjani, 2012) . We updated the reference population each year by 153 replacing the oldest cows with about 2,000 new cows and elite male selection candidates. Variance 154 components were assumed known and set to simulated values.
We created different truncation selection scenarios by varying i) the method of sire selection and 157 their use on cows or bull-dams, and ii) selection intensity and the number of years a sire is in use. 158
Furthermore, we created different optimum contribution selection scenarios with optimization of 159 sire selection and their usage. 160
Truncation selection. The scenarios that varied the selection of sires in combination with 161 their use on cows or bull-dams were: i) PT scenario used PT sires for the insemination of cows and 162 bull-dams, ii) GT-PT scenario used GT-PT sires for the insemination of cows and bull-dams, iii) 163 GT-C scenario used GT sires for the insemination of cows and GT-PT sires for the insemination of 164 bull-dams, iv) GT-BD scenario used GT sires for the insemination of bull-dams and GT-PT sires for 165 the insemination of cows, and v) GT scenario used GT sires for the insemination of both cows and 166 bull-dams. The GT-C and GT-BD scenarios are also referred to as the hybrid scenarios. 167
The scenarios that varied selection intensity and the number of years a sire is in use were: i) select 168 five sires every year and keep them in use for five years (5 sires/year, use 5 years), ii) reduce 169 generation interval by using five sires for one year only (5 sires/year, use 1 year) and iii) maximize 170 selection intensity by selecting only one sire and use it for five years (1 sire/year, use 5 years). 171
Optimum contribution selection. We have optimized sire selection and usage with 172 optimum contribution selection (Woolliams et al., 2015) using the AlphaMate program (Gorjanc 173 and Hickey, 2018) . Every year we have added the 45 genotyped elite male calves to the pool of sires 174 selected in the previous year with a limit of 5 years for sire usage. We then optimized their 175 contributions while fixing female (heifers' and cows') contributions to one progeny per female. 176
After optimization we randomly paired the optimized male contributions with the fixed female 177 contributions. Inputs for optimum contribution selection were estimated breeding values and ausing the target degrees of the angle between the truncation selection solution and an optimum 181 contribution solution (Kinghorn, 2011) . For example, target degrees of 0 maximize genetic gain by 182 selecting only one male, while target degrees of 90 solely minimize group coancestry. We evaluated 183 a range of target degrees and reported results for 45, 50, 55, 60, and 75 degrees. 184 Analysis 185 We compared the scenarios in terms of genetic gain, selection accuracy, generation interval, genetic 186 and genic variance, the rate of coancestry, effective population size, and the efficiency of converting 187 genetic variation into genetic gain. following Wright (1922) from which the rate of coancestry (ΔC P ) was estimated as one minus the 197 exponent of the coefficient of regression of log(C P,t ) on year of birth (Pérez-Enciso, 1995) . The 198 genomic coancestry was computed based on the direct link with heterozygosity, Het t = Het o (1 -C t ) 199 (Falconer and Mackay, 1996) . We computed heterozygosity separately for causal, marker, and 200 neutral loci. We regressed log(C t ) on the year of birth to estimate the rate of coancestry for causal 201 loci (ΔC Q ), marker loci (ΔC M ), and neutral loci (ΔC N ). Effective population size (N e ) was estimated 202 for every measure of the rate of coancestry as 1/(2ΔC). Finally, the conversion efficiency was 203 measured with the coefficient of regression of the achieved genetic gain on the loss of genicstandard deviation The results compare different breeding scenarios for a small dairy cattle population in terms of 211 genetic gain, genetic variation, and the efficiency of converting genetic variation into genetic gain. 212
The early use of genomically tested sires increased genetic gain compared to progeny testing. 
Genetic gain 222
Early use of genomically tested sires, their faster turn-over and higher intensity of selection 223 increased genetic gain. This is shown in Table 1 , which presents genetic gain by breeding program 224 and by sire selection and their usage scenario. Genomic pre-selection for progeny testing increased 225 genetic gain by 36% compared to the baseline. Genomic selection of sires for a direct insemination 226 of cows or bull-dams increased genetic gain respectively by 62% or 68%, and by 94% when used 227 for both, cows and bull-dams. Reducing the use of the selected sires from 5 years to 1 year further 228 increased genetic gain, between 10% and 142% compared to the baseline. Reducing the number of 229 selected sires per year from 5 to 1 and using that sire for 5 years also increased genetic gain, 230 between 21% and 124% compared to the baseline, but not compared to the scenario where 5 231 selected sires per year were used for 1 year. These genetic gains were a direct function of realized 232 generation intervals (Table S1 ) and selection accuracies (Table S2) . Table S2 also reports theEarly use of genomically tested sires, their faster turn-over and higher intensity of selection 236 decreased genetic variation. This is shown in Figure 1 , which presents genic and genetic standard 237 deviation by breeding program and by sire selection and their usage scenario. The genic and genetic 238 standard deviations are expressed as the percentage change to the baseline that had in the final year 239 genic standard deviation of 0.97 and genetic standard deviation of 0.94. Genomic pre-selection for 240 progeny test did not significantly change genic standard deviation. Genomic selection of sires for a 241 direct insemination of cows or bull-dams reduced genic standard deviation between 1.3% and 2.5%. 242
Reducing the number of years sires were used from 5 to 1 further reduced genic standard deviation, 243 between 0.9% and 5.0% compared to the baseline. Increasing selection intensity, by selecting only 1 244 sire per year instead of 5, reduced genic standard deviation even further, between 3.0 and 10.3%. 245
We observed a similar trend in the reduction of genetic standard deviation as for genic standard 246 deviation, but the reductions were overall larger and had higher variation between simulation 247
replicates. 248
Effective population size 249
Early use of genomically tested sires and increased selection intensity decreased effective 250 population size. This is shown in Table 2 , which presents effective population size at causal loci by 251 breeding program and by sire selection and their usage scenario. Genomic pre-selection for progeny 252 testing did not significantly change the effective population size. Inseminating cows, bull-dams or 253 both with young genomically tested sires decreased effective population size respectively by 25%, 254 31%, and 48%. Reducing the years the sires are used from 5 to 1 did not significantly change 255 effective population size for any of the corresponding breeding scenarios. In contrast, reducing the 256 number of sires selected per year from 5 to 1 and using that sire for 5 years decreased effective 257 population size for all scenarios. The decrease ranged from 42% (with genomic pre-selection for 258 progeny testing) to 79% (when both cows and bull-dams were inseminated with one genomicallytested sire) compared to the baseline. These results were qualitatively the same as results for theeffective population sizes at marker loci used for genomic selection or at "neutral" loci (results not 261 shown). 262
Conversion efficiency 263
The greatest efficiency of converting genetic variation into gain was achieved with the simultaneous 264
use of genomically and progeny tested sires that were used over several years. This is shown in 265 Table 3 , which presents the conversion efficiency by breeding program and by sire selection and 266 their usage scenario. This measure indicates long-term genetic gain in standard deviation units when 267 all genic variance will be exhausted and is calculated by regressing the achieved genetic gain on the 268 lost genic variance over the 20 years of selection, which we graphically represent in Figure 2 to 269 complement the Table 3 . Compared to the baseline, the introduction of genomic selection increased 270 the conversion efficiency. The highest increase, 31%, was achieved with the genomic pre-selection 271 for progeny testing. Genomic selection of sires for the insemination of cows or bull-dams increased 272 the conversion efficiency respectively by 28% or 22%. Genomic selection of sires for the 273 insemination of both cows and bull-dams did not significantly increase the conversion efficiency 274 compared to the baseline. Reducing the usage of sires from 5 years to 1 year decreased the 275 conversion efficiency, except for the two scenarios with the highest genetic gain, that is, when using 276 genomically tested sires for the insemination of bull-dams or all females. Reducing the number of 277 selected sires per year to 1 and using it for 5 years reduced conversion efficiency furthermore. 278
Optimum contribution selection 279
Optimization of male contributions increased the conversion efficiency compared to truncation 280 selection. This is shown in Table 4 and Figure 3 , which compare scenarios with truncation selection 281 and optimum contribution selection. Optimization increased the conversion efficiency when we 282 increased emphasis on maintenance of genetic variation. Therefore, there was always an optimumcontribution selection scenario that either achieved comparable genetic gain as a truncation 284 selection scenario, but with a smaller loss in genetic variation, or achieved larger genetic gain than a 285 truncation selection scenario with a comparable loss in genetic variation. For example, optimum 286 contribution selection with the target degrees of 75 achieved 21% higher genetic gain with a slightly 287 lower rate of coancestry than the truncation selection scenario that used 5 progeny tested sires for 5 288 years, which taken together resulted in 121% higher conversion efficiency. Similarly, optimum 289 contribution selection with the target degrees of 55 and 60 degrees achieved comparable or even 290 higher genetic gain than the truncation selection scenario that used 5 genomically tested sires for 5 291 years on cows and bull-dams, but had slightly smaller rates of coancestry, which taken together 292 increased conversion efficiency by respectively 38 and 51%. On the other hand, optimum 293 contribution selection with the target degrees of 50 achieved a 26% higher genetic gain with a 294 comparable rate of coancestry as the truncation selection scenario that used 5 genomically tested 295 sires for 5 years. Further, optimum contribution selection with the target degrees of 45 and 50 had 296 comparable genetic gain as the truncation selection scenario that used 5 genomically tested sires for 297 1 year on both, cows and bull-dams. And while the conversion efficiency for optimization at 45 298 degrees was comparable to the specified truncation scenario, optimization at 50 degrees had a 16% 299 higher conversion efficiency. Increasing the emphasis on maintenance of genetic variation in 300 optimization increased the number of selected sires and their usage over time. The average number 301 of used sires ranged from 9.6 with the target degrees of 45 to 153.0 with the target degrees of 75. 302
The years of usage ranged from 1.6 to 4.9 for the same span of target degrees. Despite all this, small populations have to find a way to deliver both short-and long-term genetic 310 gain to stay competitive with larger populations and to justify domestic selection. The results show 311 that we can increase genetic gain in such populations by implementing the genomic selection of 312 sires, a faster turn-over of sires, and increasing the intensity of sire selection. However, these 313 strategies also increase the loss of genetic variation, though this loss has to be assessed against the 314 larger genetic gains. For this reason, we evaluated the efficiency of converting genetic variation into 315 genetic gain. The results show that in small dairy populations the conversion efficiency can be 316 improved by the simultaneous use of genomically and progeny tested sires. Optimization of male 317 contributions can further increase the conversion efficiency. Specifically, it can increase the genetic 318 gain of the truncation selection with a comparable loss of genetic variation or it can reduce the loss 319 of genetic variation with a comparable genetic gain. To address these main findings, we divided 320 discussion into four parts: i) how genomic truncation selection affects genetic gain in small 321 populations and how this compares to large populations; ii) how genomic truncation selection 322 affects the loss of genetic variation in small populations; iii) how optimum contribution selection 323 can increase the conversion efficiency, which has implications for small and large populations; and 324 iv) how small populations could further leverage the benefits of genomic selection. 325
Genetic gain with genomic truncation selection 326
As expected, genomic selection increased the genetic gain in all sire selection and usage scenarios.generation interval (Schaeffer, 2006) . Using genomic prediction as the pre-selection step increasedgenetic gain between 37% and 59% in different scenarios without reducing generation interval. This 330 is a larger increase than in studies of larger populations (Pryce et al., 2010) or larger progeny groups 331 (Lillehammer et al., 2011) . In small populations additional benefit of genomic pre-selection comes 332 from the fact that progeny testing is not as accurate as in large populations due to smaller progeny 333 groups. Reducing the generation interval by using young genomically tested sires directly on cows 334 and bull-dams further increased genetic gain between up to 144% when we used 5 sires per year 335 and up to 126% when we maximized intensity and used only 1 sire per year. These results are 336 largely in concordance with Pryce et al. (2010) , Lillehammer et al. (2011) and de Roos et al. (2011) , 337 although these studies evaluated typical large cattle populations with about ten-times larger number 338 of selection candidates. 339 Thomasen et al. (2014) argued that the benefit of genomic selection in small dairy populations is 340 undermined by a limited selection accuracy for young non-phenotyped animals caused by a small 341 reference population. A small reference population will invariably lead to inaccurate genomic 342 predictions. In this study we achieved comparable accuracies of about 0.8 with limited progeny test 343 and with genomic prediction based on a reference population of about 11,000 cows and 100 344 progeny tested sires, that was updated each year. Recent drops in prices for genome-wide 345 genotyping should enable small dairy populations to build such reference populations. Further, 346 some phenotyping resources could be diverted to genotyping to maximize return on investment. A 347 comparable level of accuracy can be also achieved with international reference populations (Jorjani, 348 2012; Špehar et al., 2013) or a combination of national and international reference populations 349 (Vandenplas and Gengler, 2015; Vandenplas et al., 2017; Vandenplas et al., 2018) . When this level 350 of accuracy is combined with a reduced generation interval, small populations can achieve 351 substantially larger genetic gains than with progeny testing. Finally, increasing the selection 352 intensity to the unrealistic use of just one sire, to come closer to the intensity of selection in largestarted to limit genetic gain within the simulated 20 years. 355
Loss of genetic variation with genomic truncation selection 356
The results show that small populations can increase genetic gain without increasing the loss of 357 genetic variation by using genomic pre-selection of bulls for progeny testing. All other genomic 358 selection scenarios increased the loss of genetic variation compared to a conventional scenario with 359 progeny testing, although the accuracies of progeny and genomic tests were comparable and that we 360 selected the same number of sires per year. We observed this with genic and genetic variance as 361 well as effective population size (measured with pedigree and neutral, marker or causal loci). While 362 losses of genic and genetic variance in the simulated period of 20 years were not substantial (at 363 most 0.13 genic standard deviation), the changes in effective population size were substantial -364 from about 175 with the conventional scenarios to about 80 with the full genomic scenarios, which 365 indicates reduced sustainability. 366
Our results for the rate of coancestry are not in concordance with what was observed in studies of 367 large populations (Pryce et al., 2010) or with higher selection intensity (Lillehammer et al., 2011) . 368 which observed lower rates with genomic selection. However, lower intensity of selection in small 369 populations stems from fewer tested animals, and not more selected, which reduces a genetic pool 370 for selection. Our results are more in line with Doekes et al. (2018) . They attribute the higher rates 371 of inbreeding with genomic selection to the fact, that the animals with a higher relatedness to the 372 reference population have more accurate genomic predictions and are more likely to deviate 373 substantially and therefore to be selected (Habier et al., 2007; Clark et al., 2012) . Another 374 explanation for a larger loss of genetic variability with genomic selection is that shortening 375 generation interval increases the turnover of germplasm from year to year, which increases genetic 376 gain per unit of time, but also increases the loss of genetic variation per unit of time (Buch et al., inbreeding, which measures increase in individual homozygosity (Pryce et al., 2010; Doekes et al. 379 2018), while we report the rate of coancestry, which measures increase in population homozygosity. 380
While these two measures are correlated, it is the rate of coancestry that determines the 381 sustainability of a breeding program. 382
To compare the simultaneous change in genetic gain and loss in genetic variation we compared 383 different scenarios with the efficiency of converting genetic variation into genetic gain. We 384 measured this with a linear regression of the achieved genetic gain on the lost genic standard 385 deviation . We found that in small cattle populations genomic pre-selection for 386 progeny test and hybrid scenarios achieved the highest conversion efficiencies. The two extremes -387 conventional and complete genomic scenarios -were the least efficient. Despite their similar 388 conversion efficiencies, there are large differences between these scenarios -namely, the genomic 389 scenario almost doubled genetic gain. The conventional scenario had low conversion efficiency due 390 to a small genetic gain (caused by long generation intervals) although it retained most of genetic 391 variation. The low conversion efficiency of the conventional scenarios could be specific to small 392 populations, since the accuracy and selection intensity of progeny testing is smaller than in large 393 populations. The completely genomic scenario had low conversion efficiency despite a large genetic 394 gain (caused by short generation intervals) as it lost the most of genetic variation. 395
Increasing the turnover of the sires and increasing selection intensity have different consequences 396 on short and long-term success of selection. Although both of these scenarios increase genetic gain 397 (up to 125%), increasing the intensity also increased the loss of genetic variation and in turn 398 reduced conversion efficiency. Increased turn-over of sires from 5 to 1 year in this study achieved 399 higher genetic gain over the 20 years than reducing the number of sires from 5 to 1, because it did 400 not impact genetic variation so severely.
Optimization of male contributions increased the conversion efficiency of truncation selection 403 scenarios. The optimization involved all active males -the young calves with genomic prediction 404 and sires selected in previous years -either young sires with genomic test or older with progeny 405 test. Optimum contribution selection with genomic information has been tested before (e.g. Clark et 406 al., 2013 ) with the conclusion that there is not much scope for optimization with genomic 407 relationships unless there are very large full-sib families. Here we use optimal contribution selection 408 to optimize selection and usage of genomically and progeny tested bulls of different ages and 409 observe substantial differences over 20 years in a small dairy population. We achieved this by 410 optimizing male contributions with a range of emphasis on genetic gain versus maintenance of 411 genetic variation. In this we followed the multi-objective approach of Kinghorn (2011) , where the 412 emphasis is measured with the angle between truncation selection solution and targeted optimum 413 contribution selection solution. 414
For every truncation selection scenario, we found an optimum contribution selection scenario that 415 increased conversion efficiency. This higher efficiency was either achieved with the same genetic 416 gain but smaller loss of genetic variation than truncation selection or with a higher genetic gain and 417 the same loss of genetic variation as truncation selection. This improvement was achieved by 418 optimized selection and usage of sires. For example, the average number of sires with the truncation 419 selection of 5 progeny tested sires that were used for 5 years was about 55 (this includes young, 420 natural service and proven bulls). Here the sires of the same age and the same status had an 421 approximately the same number of progeny. This scenario achieved genetic gain of 2.50 genetic 422 standard deviations, generation interval for sire-sire and sire-dam paths of 9.0 and 7.0 years, 423 effective population size of 172 and conversion efficiency of 77. A comparable number of sires (49) 424 was used with the optimization targeting 60 degrees, which involved mostly young sires (3 years in 425 use). Their optimized usage delivered genetic gain of 4.77 genetic standard deviations, generationinterval for sire-sire and sire-dam paths of 3.3 and 3.1 years, effective population size of 144 and 427 conversion efficiency of 126. The highest genetic gain was achieved with the targeted degrees 428 between 45 and 50. These targets drive optimization to achieve every year between 71% and 65% 429 of maximum possible genetic gain with truncation selection and between 71% and 77% minimum 430 possible group coancestry (Kinghorn, 2011; . Further, although the 431 optimization could choose genomically and progeny tested bulls, we observed that it chose mostly 432 young genomically tested bulls, for example the maximum years in use was on average 4.9 when 433 we optimized for 75 target degrees. This is in contrast with truncation selection scenarios, where the 434 highest conversion efficiency was achieved with the simultaneous use of genomically and progeny 435 tested bulls. 436
The results have implications also for large populations, namely they show that genomic selection is 437 increasing turnover of germplasm per year with positive effect on genetic gain and negative effect 438 on genetic variation. This has been already indicated in real large populations (Doekes et al., 2018) . 439
While our results are likely specific to small populations, combining these with the results from a 440 wheat simulation study ) that used a small or a large number of parents suggest 441 that both small and large populations can increase the conversion efficiency of genomic selection by 442 optimizing contributions. 443
Further opportunities 444
There are further opportunities with genomic selection for small populations that we have not 445 addressed in this study. We specifically highlight the increasing number of genotyped females and 446 the role of importation of external genetics. In this paper we have focused only on comparing male 447 selection and usage strategies that required minimal changes to a breeding program. However, 448 genotyping prices have decreased substantially in the recent years and it's likely that in future a 449 significant proportion of cows will be genotyped. This will increase accuracy of genetic evaluationof cows early in their lives and enable even shorter generation intervals. It will also enable accurate 451 assessment of relationships amongst cows and bulls and open possibility for further optimization. 452
This has been partially realized in this study by combining genomic and pedigree relationships 453 through the single-step genetic evaluation method, which propagates all the genomic information 454 throughout a pedigree (Legarra et al., 2009) . 455
Many dairy breeding programs, small and large, supplement their internal breeding activities with 456 importation of external genetics. Importation is of particular importance for small populations 457 because they struggle to be competitive due to limited financial resources for collecting data and This paper evaluated different genomic breeding programs in a small dairy cattle population with 466 truncation selection to quantify its short-and long-term success. Furthermore, it evaluated the value 467 of optimizing male contributions to increase efficiency of converting genetic variation into genetic 468 gain. We concluded that genomic selection increases short-term genetic gain but can also improve 469 long-term genetic gain when used in combination with conventional selection. We also showed that 470 optimum contribution selection improves conversion efficiency at a comparable genetic gain or 471 achieves higher genetic gain at a similar conversion efficiency. Our results will be of help to 472 breeding organization that aim to implement sustainable genomic selection. 
